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NONENCLATURE 

I 

skin-friction coefficient 

specific heat 

effective emissivity 

temperature effectiveness ratio , (Tw-Tc) / (Tr-Tc) 

transpiration rate normal to surface, (p~)~/(pu)~ 

function multiplying c in universal drag law, f 

function rriultiplyi.ng Re i.n universal drag  ls:.?: 
X 

- -- 
FC 

heat transfer coefficient, q = h(T -Tr) 

thermal conductivity 

characteristic length, non-porous run of boundary layer growth 

W 

pres sure 

difference of square of pressure across porous plate (n:easure 
of porosity) .. 

Prandtl nun?ber , pCp/k 

local heat-transfer to porous wall 

recovery factor, (TW-Tc) / (Tr-Tc) 

Reynolds number: p u x / p  , puxE/p 
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ABSTRACT 

Heat t r a n s f e r  r e s u l t s  a r e  reported f o r  a t r a n s p i r a t i o n  cooled 

porous f l a t  p l a t e  placed i n  a stream of a i r ,  and of C02. 

were performed a t  a Mach number of 1 .96  over a range of e f f e c t i v e  l e n g t h  

Reynolds number from 5 m i l l i o n  t o  9 . 1 m i l l i o n  when CO w a s  used as t h e  

f r e e  stream gas.  

number range of 5.3 m i l l i o n  t o  8 . 3  m i l l i o n ,  w a s  c h a r a c t e r i s t i c  when t h e  

f r e e  stream gas  was a i r .  The hea t - t r ans fe r  d a t a  w e r e  normalized and 

The tests 

2 

A Mach number of 2.53, f o r  a n  e f f e c t i v e  l e n g t h  Reynolds 

presented  as the r a t i o  of t h e  Stanton number t o  t h e  no-bl-owing Stan ton  

v a l u e  (S t /S t  ) as a func t ion  of t he  dimensionless  t r a n s p i r a t i o n  r a t e  

F/Sto. 

t h e  r a t i o  of r / r  

0 

The recovery f a c t o r  d a t a  were a l s o  normalized and presented  as 

as  a func t ion  of t h e  t r a n s p i r a t i o n  r a t e  F. 
0 

The r e s u l t s  f o r  both t h e  a i r ,  and t h e  CO free stream f lows ,  showed 2 

a reduc t ion  i n  hea t - t r ans fe r  wi th  inc reas ing  t r a n s p i r a t i o n  r a t e  u s ing  a i r  

and CO a s  the  i n j e c t a n t  gases .  The measured recovery f a c t o r ,  and t h e  

no rma lked  recovery f a c t o r ,  a l s o  decreased wi th  i n c r e a s i n g  t r a n s p i r a t i o n  f o r  

2 

t h e  r epor t ed  gas  combinations.  

adequate ly  p r e d i c t s  a l l  t h e  hea t - t r ans fe r  r e s u l t s  i nc lud ing  those  obta ined  

It was found t h a t  Rubesin 's  a i r  theory  

i n  CO atmospheres wi th in  t h e  repor ted  Mach number range .  A l so ,  t h e  

e m p i r i c a l  t h e o r i e s  which p r e d i c t  recovery f a c t o r  r e s u l t s  f o r  a i r  f r e e  

2 

s t reams can be used f o r  a i r  o r  CO i n j e c t i o n  i n t o  a CO f r e e  s t ream gas .  2 2 
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St 

T 

x, Y, = 

E X 

1-I 

V 

P 

thickness of porous plate 

Reynolds analogy factor = (Pr) 213 

local heat-transfer Stanton number, h/p u c 

temperature 
1 1 P I  

stagnation temperature 

velocity 

coordinate distances 

characteristic distance 

viscosity of gas 

kinematic viscosity 

density of gas 

Subscripts 

C coolant or injection gas 

0 

r 

W 

l., 

i 

zero blowing conditions 

recovery conditions 

porous wall surface conditions 

free stream conditions 

incompressible 



INTRODUCTION 

I 

Developments i n  high t h r u s t  rocket  engines  dur ing  t h e  p a s t  decade 

have made both manned and unmanned space t r a v e l  a r e a l i t y .  

more s o p h i s t i c a t e d  high speed v e h i c l e  s u r f a c e s  have been developed. 

Highly e f f i c i e n t  methods of cool ing have been developed, and i t  i s  now 

p o s s i b l e  t o  des ign  h igh  speed v e h i c l e s  t o  s u s t a i n  t h e  aerodynamic hea t ing  

a s s o c i a t e d  wi th  hypersonic  f l i g h t  through t h e  atmosphere o r  w i t h  re -en t ry  

i n t o  the e a r t h ' s  atmosphere (or en t ry  i n t o  t h e  atmosphere of another  

p l a n e t ) .  

chamber w a l l s ,  rocket-motor nozz les ,  and gas  t u r b i n e  b lades .  

A s  a r e s u l t ,  

These methods are a l s o  app l i cab le  f o r  t h e  coo l ing  of combustion- 

* 

One of t h e  most e f f e c t i v e  processes  f o r  cool ing  such h igh  performance 

s u r f a c e s  i s  t h a t  of mass t r a n s f e r  cool ing  which involves  t h e  i n j e c t i o n  of 

a f o r e i g n  gas  (or  l i q u i d )  i n t o  the  boundary l a y e r .  A d e t a i l e d  d e s c r i p t i o n  

concerning s p e c i f i c  examples of t h e  mass t r a n s f e r  cool ing  process  can be 

foulid i n  r e fe rence  (1). The method of p a r t i c u l a r  i n t e r e s t  i n  ti& i r ives t i -  

g a t i o n  i s  t h a t  of t r a n s p i r a t i o n  cool ing which involves  t h e  i n j e c t i o n  of a 

coo lan t  gas  through a porous s t r u c t u r e  i n t o  t h e  surrounding h igh  temperature  

boundary l a y e r .  The mass in j ec t ed  through t h e  porous s u r f a c e  reduces t h e  

h e a t  f l u x  i n  t h e  fol lowing ways: (a) i t  modif ies  t h e  v e l o c i t y  d i s t r i b u t i o n ,  

dec reas ing  t h e  f r i c t i o n a l  hea t ing  and th ickening  t h e  boundary l a y e r ,  and 

(b) i t  provides  a hea t  s ink ,  absorbing some of t h e  h e a t  f l u x  which would 

o the rwise  g e t  t o  t h e  su r face .  

References ( 2 ,  3 ,  4 )  represent  a f a i r l y  comprehensive review up t o  

September 1960 on t h e  e f f e c t s  of gas i n j e c t i o n  and hea t  t r a n s f e r  i n t o  a 

compressible  tu rbu len t  boundary layer .  Some of t h e  more r e c e n t  
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experimental  and a n a l y t i c a l  r e s u l t s  concerning t h e  h e a t  t r a n s f e r  and 

recovery factors i n  a t u r b u l e n t  compressible boundary l a y e r  w i l l  be 

b r i e f l y  mentioned. 

ANALYTICAL RESULTS 

The s tudy  of t h e  t u r b u l e n t  boundary l a y e r  wi th  mass t r a n s f e r  r e q u i r e s  

assumptions r e l a t e d  t o  t h e  turbulen t  s t r u c t u r e  which are o f t e n  vague and 

incomplete.  

u n c e r t a i n t y  a s  t o  which of t h e  seve ra l  t h e o r i e s  g ives  t h e  b e s t  p r e d i c t i o n .  

This  u n c e r t a i n t y  arises since each theory  con ta ins  many s i m p l i f i c a t i o n s  which 

have no t  been adequate ly  supported by t h e  l i m i t e d  experimental  d a t a .  

The e x i s t i n g  knowledge i n  t h e  s u b j e c t  leaves cons ide rab le  

The most popular of t h e  e x i s t i n g  t h e o r i e s  a r e  found i n  t h e  papers  by 

Rubesin ( 5 ) ,  and Dorrance and Dore ( 6 ) .  Dorrance has  now formulated much 

of h i s  work i n  a publ ished book ( 7 ) .  T h e  above papers  were concerned with 

mass t r a n s f e r  i n  a t u rbu len t  boundary l a y e r  f o r  a i r  i n j e c t i o n  i n t o  an a i r  

f r e e  stream. Rubesin and Pappas (8) extended t h e  ear l ie r  work of Rubesin 

and accounted f o r  fo re ign  gas  i n j e c t i o n  i n t o  a n  a i r  f r e e  stream. 

r e c e n t l y ,  t h e  work of Kutateladze and Leont 'ev (9)  , Spalding,  Auslander,  

and Sundaram (la), and Leont 'ev (11) have con t r ibu ted  t o  t h i s  f i e l d .  

More 

References (10, 1 2 )  have repor ted  t h e  v a r i o u s  c o n t r i b u t i o n s  i n  a t a b u l a r  

form, l i s t i n g  t h e  b a s i c  assumptions a s s o c i a t e d  wi th  each s tudy .  
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b 

. 
EXPERIMENTAL RESULTS 

It appears  t h a t  a l l  of t h e  experimental  work concerning the ,  e f f e c t s  

of gas  i n j e c t i o n  i n t o  a t u r h l e n t  boundary l a y e r  have been conducted w i t h  

a i r  as t h e  f r e e  stream gas wi th  the except ion  of l i m i t e d  d a t a  obta ined  

i n  rocke t  exhausts  [see, f o r  example, Brunner, (1311. Although t h e  objec- 

t ives of t h e  v a r i o u s  s t u d i e s  a r e  q u i t e  s imilar ,  t h e  h e a t  t r a n s f e r  models 

and t h e  t e s t i n g  equipment v a r i e d  ex tens ive ly .  

1 

Some of t h e  earlier and more p e r t i n e n t  papers  i n  t h e  f i e l d  are  found 

i n  r e fe rences  (14, 15, 4).  More r ecen t ly ,  Bartle and Leadon (16), Tewfik, 

Ecker t ,  and Jurewicz (17), Tewfik, Ecker t ,  and S h i r t l i f f e  (18), Pappas and 

' Okuno (19),  and Brunner (13) have obtained h e a t  t r a n s f e r  measurements on 

v a r i o u s  geometr ica l  models. 

of t h e  Stanton number t o  t h e  no-blowing Stan ton  number S t / S t  

The r e s u l t s  are u s u a l l y  presented  as a r a t i o  

as a f u n c t i o n  
0 

of t h e  t r a n s p i r a t i o n  rate F/St  . 
0 

I n  summarizing t h e  r e s u l t s  for  a i r  i n j e c t i o n  i n t o  an  a i r  boundery 

l a y e r ,  t h e  experimental  hea t  t r a n s f e r  masuremefits f o r  a Each n a h e r  range 

of 0 t o  4.0 are i n  good agreement wi th  Rubesin's  theory  ( 5 ) .  Dorrance and 

Dore's  theory (6) p r e d i c t s  heat t r a n s f e r  r e s u l t s  t h a t  are somewhat l o w  when 

compared t o  experimental  measurements. By i t s  very  n a t u r e ,  t h e  Spalding 

et  a1 theory  (10) i s  i n  agreement wi th  experimental  r e s u l t s  inasmuch as t h e  

c o r r e l a t i o n  w a s  developed from e x i s t i n g  experimental  d a t a .  However, f o r  

f o r e i g n  gas i n j e c t i o n ,  t he  low speed theory developed by Rubesin and Pappas 

(8) w a s  no t  i n  agreement when compared t o  exper imenta l  d a t a .  

i s  r e f e r r e d  t o  r e fe rence  (12) f o r  a more d e t a i l e d  d i scuss ion  of t h e  above 

mentioned papers .  

The r eade r  
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DESCRIPTION OF EQUIPMENT 

The experimental  program w a s  conducted i n  an Aerolab 1" x 1" Supersonic  

Wind Tunnel of t h e  i n t e r m i t t e n t  blow-down type .  

composed b a s i c a l l y  of curved upper and lower w a l l s  wi th  f l a t  s i d e  w a l l s .  

The hea t - t r ans fe r  model, which w a s  p a r t  of t h e  t e s t  s e c t i o n  w a l l ,  cons i s t ed  

of a plenum chamber where the porous p l a t e  served as t h e  bottom w a l l  i n  

t h e  chamber and t h e  top wa l l  o f  t h e  t unne l  test Sec t ion  (see Figure  1). 

The asymmetric nozz le  w a s  

The porous p l a t e  w a s  1-1/2" x 5" long wi th  an average  s u r f a c e  thick- 

n e s s  of 0.050 inch.  

steel PSS GRADE H material, f ab r i ca t ed  by t h e  P a l l  T r i n i t y  Micro Corporat ion.  

A measure of t h e  s u r f a c e  contour  showed an  average roughness he ight  of 

2 1 5 0  microinches.  The d e n s i t y  of t h e  porous mater ia l  w a s  0.17 pounds per  

cub ic  inch  and had a mean pore opening of 5 microns.  The void conten t  was 

approximately 45%. The t e s t  sur face  p o r o s i t y  d i s t r i b u t i o n  w a s  measured 

and t h e - r e s u l t s  are presented i n  Figure 2 .  

area, t h a t  a r ea  of t h e  p l a t e  exposed t o  t h e  f r e e  stream flow,  was 0.0345 

squa re  f e e t .  

It w a s  made up of a s i n t e r e d  type  315-L s t a i n l e s s  

The e f f e c t i v e  porous p l a t e  

I n  cons ider ing  t h e  secondary flow system, extreme c a r e  was taken t o  

o b t a i n  an even f low d i s t r i b u t i o n  over t h e  porous p l a t e  su r face .  Two 1 / 4  

inch  diameter  tubes  were used  f o r  t h e  secondary gas  pe rmi t t i ng  i t s  passage 

i n t o  a flow d i s t r i b u t o r .  Holes were d r i l l e d  i n  symmetrical f a sh ion  a long  

t h e  bottom s u r f a c e  of t h e  oblong shaped d i s t r i b u t o r ,  t h e  ho le s  inc reas ing  

i n  s i z e  as they  proceeded away f r o m  t h e  i n l e t  tubes .  The f low was f u r t h e r  

d i s t r i b u t e d  by two 36 x 36 mesh per square inch  screen  and a metal  gauze- 

l i k e  sc reen .  

below t h e  oblong d i s t r i b u t o r .  

The sc reens  w e r e  made of copper and were loca ted  l/4 i nch  

The gas  then  passed through 8 l a y e r s  of 



s f i b e r g l a s  f i l t e r  paper manuf act;red by t h e  Mine Safe ty  Appliance Company, 

Type 1106-B. The f i l t e r  paper served t h e  u s e f u l  func t ion  of provid ing  a 

uniform and c o n t r o l l i n g  r e s i s t a n c e  f o r  t h e  secondary flow, thereby  mini- 

mizing any non-uniformit ies  i n  t h e  i n j e c t i o n  system. 

Thermocouples, f a b r i c a t e d  from 36 gauge (0.005" diameter)  copper- 

cons t an tan  nylon i n s u l a t e d  wires, were pos i t i oned  a t  e i g h t  l o c a t i o n s  a long  

t h e  p l a t e .  Four were pos i t i oned  along t h e  c e n t e r  l i n e ,  one inch  a p a r t ,  

s t a r t i n g  one inch  from t h e  leading  edge. The remaining f o u r  were l o c a t e d  

on each s i d e  of t h e  c e n t e r  l i n e  and 3/8" from i t .  A 0.020 diameter  h o l e  

0.040 i nch  deep was d r i l l e d  i n t o  the  porous p l a t e .  The thermocouple bead 

w a s  i n s e r t e d  i n t o  t h e  ho le  and cemented i n t o  p l a c e  wi th  copper-oxide cement. 

Four a d d i t i o n a l  thermocouples, a l s o  f a b r i c a t e d  from 36 gauge copper-constantan 

w i r e ,  were loca ted  between t h e  seventh and e i g h t h  f i b e r g l a s  f i l t e r  l a y e r s  

l y i n g  above t h e  porous p l a t e  f o r  measuring t h e  coolan t  tempera tures .  

These were loca ted  d i r e c t l y  above t h e  c e n t e r  l i n e  l o c a t i o n s  of t h e  porous 

p l a t e  thermocouples. 

The thermocouples were connected t o  a Leeds and Northrup r o t a r y  

s e l e c t o r  switch which was d r i v e n  by a 20 r .p .m.  motor. 

t hen  connected t o  an  i c e  ba th  and a Honeywell Model 206 Vis icorder  

The l eads 'were  

Osc i l lograph .  The secondary flow r a t e  w a s  measured by a c a l i b r a t e d  Rockwell 

Model 250 gas  meter. The gas  w a s  heated i n  a u n i t  t h a t  contained f i v e  

Nichrome w i r e  g r i d s ,  each g r i d  cons i s t ing  of s i x  wires. The g r i d s  were 

c o n t r o l l e d  by a 115 v o l t ,  15 ampere powers ta t .  The meter, s t a g n a t i o n ,  

and s t a t i c  p re s su res  were cont inuously recorded on a B r i s t o l  Model 500 

p r e s s u r e  recorder .  

of t h e  o rde r  of 24 seconds,  i t  required continuous record ing  of a l l  p e r t i -  

nent  d a t a  from a synchronized s t a r t i n g  po in t .  

Since t h e  length  of a cons tan t  Mach number t es t  w a s  
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EXPERIMENTAL PROCEDURE AND DATA REDUCTION 

Seve ra l  tests were performed t o  c a l i b r a t e  t h e  wind tunne l  and t h e  

measuring equipment. Sch l i e ren  t e s t s  were made a t  t h e  i n t e r s e c t i o n  of 

t h e  h e a t  t r a n s f e r  model and t h e  t e s t  s e c t i o n  f o r  t h e  d e t e c t i o n  of p o s s i b l e  

shock formations due t o  s u r f a c e  d i s c o n t i n u i t y .  The heated secondary gas  

was  i n j e c t e d  through t h e  porous f l a t  p l a t e  i n t o  t h e  f r e e  stream--the 

o p p o s i t e  of t h e  s i t u a t i o n  encountered i n  a c t u a l  p r a c t i c e .  I f  t h e  inves-  

t i g a t i o n  i s  r e s t r i c t e d  t o  small temperature  d i f f e r e n c e s  between t h e  porous 

w a l l  and t h e  f r e e  stream, t h e  hea t  t r a n s f e r  measurements may be  app l i ed  

t o  t h e  s i t u a t i o n  where t h e  t r a n s p i r a t i o n  gas  i s  co lde r  than  t h e  f r e e  

stream flow. 

The t r a n s p i r a t i o n  gas  w a s  s e t  f o r  t h e  des i r ed  flow r a t e  and tenipera- 

t u r e  l e v e l .  Upon e s t a b l i s h i n g  s teady s t a t e  condi t ions  t h e  fo l lowing  readings  

were recorded:  

(a) coolan t  gas temperature 
(b) coolan t  gas pressure  
(c) volumetr ic  flow rate  of t h e  coolan t  gas 
(d) w a l l  temperatures  of t h e  porous p l a t e  
( e )  wind tunne l  condi t ions  

(i) s tagna t ion  p res su re  
(ii) s t a t i c  p res su re  of tes t  s e c t i o n  
(iii) s t a g n a t i o n  temperature  

( f )  barometr ic  p re s su re  and temperature  

A series of t es t s  were made a t  v a r i o u s  va lues  of t h e  d imens ionless  

mass flow r a t e  F and coolan t  temperature l e v e l s .  A heat  and mass ba lance  

a c r o s s  an elemental  a r e a  of t h e  porous p l a t e  e s t a b l i s h e s  an equat ion  t o  

determine t h e  l o c a l  hea t  t r a n s f e r  c o e f f i c i e n t  from t h e  measured d a t a .  Con- 

s i d e r  an  element of t h e  porous p l a t e  as shown i n  Figure 3 .  The mass of t h e  

coo lan t  f lows a c r o s s  t h e  a rea  dx ' dy and he igh t  dz with a tempera ture  
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d i f f e r e n c e  between the  porous Surface and t h e  gas  stream of t h e  c o o l a n t ,  

For a s t eady- s t a t e  s i t u a t i o n ,  a heat  ba l ance  can  b e  expressed as: 
P 

- - 
‘coolant ‘convected + ‘conducted + ‘radiated 

Est imates  showed t h a t  t he  conduction t e r m  i s  less than  10% of t h e  

convect ion term f o r  dimensionless  f low rates ,  F, g r e a t e r  than  0.15%, whi le  

the r a d i a t i o n  t e r m  i s  n e g l i g i b l e  over t h e  complete range of t h e  i n v e s t i -  

g a t i o n  (12). Accordingly, t h e  las t  two t e r m s  of Eq.  (1) were neglec ted  

i n  t h e  a n a l y s i s  of data. 

Assuming cons tan t  s p e c i f i c  hea t ,  t h e  heat absorbed (or r e l eased )  by 

t h e  coolan t  may be represented  as: 

The f l a t  p l a t e  model of Schneider (20) w a s  used t o  e s t ima te  t h e  temperature  

drop ac ross  the  porous p l a t e  and vas shown t o  be less than  12 ,  all.owing 

t h e  use  of t h e  measured inne r  w a l l  temperature  f o r  t h e  o u t s i d e  w a l l  temper- 

a t u r e .  The t e r m  ( P V ) ~  i n  E q .  (2)  i s  kund by employing t h e  measured 

voluinetr ic  f low r a t e  ( Q ) ,  meter temperature,  meter p re s su re  and t h e  pe r fec t  

gas equa t ion .  S ince  T and T are a l s o  measured v a l u e s ,  Eq.  (2) can then 

be e a s i l y  so lved ,  

C W 

The h e a t  e n t e r i n g  t h e  p l a t e  by convect ion i s  t h e  h e a t  l o s t  through 

conducti-on i n t o  t h e  g a s  s t ream a t  t h e  s u r f a c e  z = 0. This  can be  expressed 

as : 

= k -- = h (Tr-Tw) (3) qconvec t ed a 2  a T  I z=o 

where T ( t h e  recovery temperature) i s  t h a t  p a r t i c u l a r  temperature  of t h e  

porous w a l l  and t h e  gas l eav ing  the wall ,  such t h a t  t h e  temperature g r a d i e n t  

a t  t h e  w a l l  5s zero .  

r 

Neglect ing conduction and r a d i a t i o n  and s u b s t i t u t i n g  E q s .  (2)  and 

(3)  i n t o  E q .  (1): 
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q = h(T -T ) = w r  ( 4 )  

A t  a f i x e d  v a l u e  of the i n j e c t a n t  f low rate (pv)  t h e  c o o l a n t  temper- 
W’ 

a t u r e  (T ) w a s  se t  a t  s e v e r a l  d i f f e r e n t  temperature l e v e l s  and t h e  r e s u l t i n g  

w a l l  temperature T w a s  measured. The flow r a t e  w a s  t hen  set a t  a d i f f e r -  

e n t  va lue  and t h e  p rocess  w a s  repeated. The h e a t - t r a n s f e r  c o e f f i c i e n t ,  h ,  

i n  Eq. (4) is  eva lua ted  f o r  each f ixed  v a l u e  of t h e  blowing rate from a 

g r a p h i c a l  p l o t  of q v e r s u s  t h e  wal l  temperature f o r  each s u r f a c e  tempera ture  

l o c a t i o n .  

w h i l e  maintaining a c o n s t a n t  Mach number and l o c a l  Reynolds number. 

Because of t h e  l i n e a r  n a t u r e  of Eq. ( 4 ) ,  a s t r a i g h t  l i n e  can b e  expected, 

C 

W 

This is  p o s s i b l e  inasmuch as t h e  coo lan t  tempera ture  i s  changed 

wi th  h being t h e  s l o p e  of the l i n e  and T 

q = 0 a x i s .  

were u t i l i z e d  i n  an a t t e m p t  t o  account f o r  v a r i a t i o n s  i n  t h e  s t a g n a t i o n  t e m -  

t h e  i n t e r c e p t  v a l u e  a long  the r 

I n  t h e  a c t u a l  a n a l y s i s  of d a t a ,  curves  of q/T v s .  Tw/To 
0 

p e r a t u r e ,  T , 
0 

DISCUSSION OF RESULTS 

An a c c u r a t e  va lue  of t h e  no-blowing Stan ton  number S t  i s  d e s i r e d  
0 

to normalize t h e  h e a t - t r a n s f e r  c o e f f i c i e n t  r a t i o  f o r  t h e  purpose of com- 

pa r ing  d a t a  of t h i s  r e p o r t  t o  o ther  published l i t e r a t u r e .  A widely 

used method t o  determine t h e  S t  va lue  i s  t o  e x t r a p o l a t e  t h e  curve  of t h e  

l o c a l  S tan ton  number d a t a  as a func t ion  of t h e  i n j e c t i o n  r a t e  t o  t h e  va lue  

a t  ze ro  blowing. A l i n e a r  equation w a s  assumed and a l ea s t  squa res  a n a l y s i s  

w a s  appl ied  t o  determine t h e  S t  va lue  by e x t r a p o l a t i n g  t h e  d a t a  t o  t h e  

ze ro  i n j e c t i o n  v a l u e .  gowever, as  a r e s u l t  of s c a t t e r  i n  t h e  d a t a  an  

a l t e r n a t e  method w a s  chosen i n  an  a t t e m p t  t o  improve t h e  r e l i a b i l i t y  of t h e  

S t  va lue .  I n  p a r t i c u l a r ,  t h e  well-known Colburn type  equa t ion ,  which 

0 

0 

0 



9 

a p p l i e s  t o  low-speed flow, w a s  used a s  a b a s i s  f o r  determining t h e  zero  

blowing Stan ton  number; t h i s  incompressible S t a n t o n  number was then  cor-  

r e c t e d  t o  account f o r  t h e  unheated l e n g t h  and f o r  t h e  Mach number. The 

low-speed Stan ton  number can be w r i t t e n  as:  

r 

Equation ( 5 )  i s  co r rec t ed  t o  account f o r  t h e  d i s c o n t i n u i t y  due t o  an  

unheated s t a r t i n g  l eng th .  Using the  Seban formula (21, 22) ,  w e  w r i t e :  

Here, R i s  t h e  d i s t a n c e  from t h e  e f f e c t i v e  s ta r t  of tu rbulence  t o  t h e  

l ead ing  edge of t h e  porous heated p l a t e ,  and x 

e f f e c t i v e  s ta r t  of tu rbulence  t o  the l o c a l  thermocouple p o s i t i o n .  

i s  t h e  d i s t a n c e  from t h e  E 

The Seban formula,  Eq. (6) , has been v e r j f i e d  exper imenta l ly  by Eichhorn 

e t  a l ,  (23) and, fur thermore,  over t h e  range of t h e  p re sen t  s t u d i e s  i t  i s  

i n  agreement wi th  t h e  r e c e n t  a n a l y s i s  of Spalding ( 2 6 ) .  

It may be  seen from Eq. (6) t h a t  t h e  d i s t a n c e  from t h e  e f f e c t i v e  start 

of tu rbulence  t o  t h e  lead ing  edge of t h e  porous p l a t e  must be a c c u r a t e l y  

known. 

of tu rbulence  along t h e  tunnel  wal l .  Severa l  tests were performed, and 

i t  w a s  concluded t h a t  t he  e f f e c t i v e  s t a r t  of tu rbulence  was a t  t h e  t h r o a t  

of t h e  nozzle  blocks.  The measured Mach number coupled wi th  t h e  a n a l y s i s  

of S i b u l k i n  (26)  supported t h i s  conclusion (12 ) .  With t h e  knowledge 

of t h e  e f F e c t i v e  s t a r t i n g  l e n g t h ,  t h e  incompressible  zero blowing Stan ton  

number, Eq. ( 6 ) ,  with  t h e  Seban co r rec t ion  f o r  t h e  d i s c o n t i n u i t y  due t o  an  

The l i q u i d  f i l m  (25) ' t e s t  was used t o  determine t h e  e f f e c t i v e  s ta r t  
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unheated s t a r t i n g  l e n g t h  can now b e  determined. S ince  t h e s e  ca l cu la t ed  

v a l u e s  are v a l i d  f o r  low-speed flow, adjustments  are made f o r  t h e  a c t u a l  

Mach number (2.53 f o r  t h e  a i r  f r e e  s t ream and 1.96 f o r  t h e  C02 f r e e  stream) 

us ing  t h e  empir ica l  curve  of re ference  (27) .  These p red ic t ed  va lues  of t h e  

no-blowing Stanton number us ing  Eq. (6)  and r e f e r e n c e  (27), were compared 

wi th  t h e  ex t r apo la t ed  measured values .  

t 

The ex t r apo la t ed  a i r  r e s u l t  w a s  

11% lower than  t h e  c a l c u l a t e d  value. It was f e l t  t h a t  t h e  p red ic t ed  va lues  

of t h e  ze ro  blowing Stanton number were somewhat more accurate than  t h e  

ex t r apo la t ed  measured v a l u e s  and accordingly,  t h e  p red ic t ed  r e s u l t s  are used 

throughout i n  normalizing the heat t r a n s f e r .  

The experimental ly  determined h e a t  t r a n s f e r  and recovery f a c t o r  

r e s u l t s  are  shown i n  F igu res  4 and 5. 

t h e  norm5lized Stanton numbers, S t / S t o ,  f o r  a i r  and carbon-dioxidc i .r . jection 

i n t o  f r e e  streams of a i r  o r  carbon-dioxide a t  a nominal Mach number of 2 as  

I n  p a r t i c u l a r ,  F igure  4 r e v e a l s  

a func t ion  of t h e  dimensionless  blowing ra t -e ,  F/St  . It may be seen t h a t  

a l l  experimental  S tan ton  r e s u l t s  a r e  i n  f a i r  agreement wi th  t h e  widely 

used a i r - t o - a i r  theory of Rubesin. A d e t a i l e d  i n s p e c t i o n  of t h e  a i r - t o - a i r  

0 

experimental  r e s u l t s  wou1.d show t h a t  they are i n  good agreement wi th  the  

ear l ie r  repor ted  r e s u l t s  of Rubesin e t  al, (14) ,  Leadon and S c o t t  (15), 

Pappas and Okuno (19) ,  B a r t l e  and Leadon (161, Tewfik e t  a l ,  (171, and 

Romanenko and Kharchenko , (28).  

The measured recovery f a c t o r s  a r e  shown on a normalized b a s i s ,  

r/ro, as a func t ion  of t h e  blowing ra te  F on Figure  5. 

recovery f a c t o r  va lues ,  r were determined by e x t r a p o l a t i n g  t h e  measured 

v a l u e s  t o  zero blowing. This  procedure y i e lded  a v a l u e  of 0.94 f o r  t h e  a i r  

f r e e  s t ream, approximately 4% higher than  t h e  expected va lue  of 0.90. 

The s o l i d  w a l l  

0’ 
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An ex t r apo la t ed  recovery va lue  of 0.97 was found f o r  t h e  carbon-dioxide 

f r e e  strea, some 5% h ighe r  than  the v a l u e  expected from t h e  p red ic t ed  
t - 

va lue  ( i .e.  , r = P r  'I3). Considering t h e  n a t u r e  of t h e  experimental  
0 

program, a t r a n s i e n t  t e s t i n g  procedure wi th  a small tes t  s e c t i o n ,  t h i s  

agreement i s  considered s a t i s f a c t o r y .  A s i n g l e  curve i s  seen from Figure  

5 t o  r ep resen t  t h e  normalized recovery f a c t o r  f o r  a l l  t h e  a i r  and carbon-  

d iox ide  tests. 

The temperature  e f f e c t i v e n e s s  r a t i o  as a f u n c t i o n  of t h e  dimension- 

less blowing ra te  Fc / S t  c i s  &own on Figure  6 f o r  bo th  t h e  a i r  and 
pc O p1 

carbon-dioxide f r e e  streams. A l s o  shown i s  t h e  curve  proposed by Bartle 

and Leadon (16) f o r  an  a i r  f r e e  stream. It i s  seen t h a t  t h e  empi r i ca l  

c o r r e l a t i o n  of r e fe rence  (16) i s  not only i n  very  good agreement wi th  t h e  

a i r  r e s u l t s ,  as would be  expected, bu t  a l s o  agrees  ve ry  w e l l  wi th  t h e  

measurements obtained wi th  a carbon-dioxide f r e e  stream. 

A f i n a l  r e p r e s e n t a t i o n ,  t h a t  suggested by Spalding e t  a1 (lo), i s  

shown i n  Figure 7 ,  b r ing ing  out  t h e  agreement of t h e  a i r  f r e e  stream re- 

s u l t s  wi th  those  found f o r  a carbon-dioxide f r e e  stream. The p resen t  

r e s u l t s  are  somewhat lower than  t h e  curve recommended by Spalding e t  a l .  

CONCLUSION 

The i n j e c t i o n  of carbon-dioxide o r  a i r  i n t o  an  a i r  f r e e  s t ream a t  a 

nominal Wch  number of 2 g ive  values of S t / S t  v s .  F/St  which are  i n  

good agreement wi th  va lues  obtained f o r  carbon-dioxide o r  a i r  i n j e c t i o n  

0 0 

i n t o  a carbon-dioxide f r e e  stream and a l l  va lues  a r e  i n  f a i r  agreement 

wi th  t h e  a i r - t o - a i r  theory  of Rubesin. 
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